Mitogenic stimulation in vitro of mouse T lymphocytes induces the production of the hematopoietic cytokines granulocytemacrophage colony-stimulating factor and IL-3. The present experiments showed that simple crowding of murine spleen or lymph node cells was a sufficient inducing stimulus. Crowding did not have this consequence for thymus or marrow cells or spleen cells from nu͞nu or Rag-1؊͞؊ mice lacking T lymphocytes. Crowding for as short a period as 24 h was sufficient to allow subsequent cytokine production in sparse cultures. Purified T lymphocytes also exhibited low levels of crowding induction of cytokine production and cytokine production was enhanced by IL-2 and IFN-␥. However, IFN-␥؊͞؊ spleen cells exhibited similar crowdinginduced colony-stimulating factor production to that of control spleen cells. Excess cell crowding inhibited cytokine production. This inhibition was not caused by receptor internalization of cytokines but may contribute to the failure to observe IL-3 production in lymphoid organs in vivo. Coculture of allogeneic spleen or peritoneal cells was a strong inducing signal for colony-stimulating factor production but this parameter was unable to detect autoreactivity of T lymphocytes in mice that lack suppressor of cytokine signaling 1 and exhibit T lymphocyte activation.
E
arly studies showed that mitogenic stimulation of blood or spleen cells led to the production of cytokines active on hematopoiesis (1, 2) . These cytokines eventually were identified as granulocyte-macrophage colony-stimulating factor (GM-CSF) and multi-CSF (IL-3), and analysis of fractionated populations indicated that T lymphocytes were necessary for CSF production in vitro (3, 4) and were likely to be the dominant source of this CSF in these cell populations, although an accessory function of other cells remained possible. These conclusions were supported by the ability of cloned normal T lymphocytes and T lymphocyte cell lines to produce both cytokines when mitogenically stimulated (5, 6) . In early studies the activating stimulus used for T lymphocytes was a plant lectin, but more recent studies have used antibodies to cross-ligate T cell receptors to cause cellular activation (7) .
Coculture of appropriate allogeneic spleen or blood cells represents another form of mitogenic stimulation that leads both to T lymphocyte activation and CSF production (8) . What has not been studied in this context is whether CSF production in vitro is a sufficiently sensitive parameter to document autoreactivity of T lymphocytes against autologous tissues, either in classical autoimmune disease or inflammatory states such as that seen in suppressor of cytokine signaling 1 (SOCS-1) Ϫ͞Ϫ mice, where activated T lymphocytes appear to be involved in disease development (9, 10) .
The data on CSF production by mitogen-stimulated suspensions of lymphoid cells have proved difficult to reconcile with other studies on organ production of CSFs. In particular, studies on murine organs have shown that T lymphocytes are not the exclusive source of these CSFs and, further, that no organ produces detectable IL-3 or contains detectable IL-3 mRNA (11, 12) . Although caution is clearly needed in interpreting in vitro data from lymphoid cell suspensions, the system is a robust one for producing CSFs and the induction systems involved remain to be characterized.
In the course of experiments to determine whether autoreactivity of murine cells might lead to detectable CSF production in vitro, unanticipated problems were encountered because of apparently spontaneous activation of CSF production in cultured normal spleen cells and the nature of this activation required characterization.
Materials and Methods
Production of CSF by Cell Cultures. Dispersed cell suspensions were prepared of spleen, marrow, thymus, lymph node, and peritoneal cells from mice aged 2-3 months. Mouse strains used were C57BL, BALB͞c, DBA, CBA, T cell-deficient nu͞nu, Rag-1Ϫ͞Ϫ, or NOD͞SCID mice and genetically manipulated mice, ␤cϪ͞Ϫ (13), IFN-␥Ϫ͞Ϫ, or SOCS-1Ϫ͞Ϫ (9), the SOCS-1Ϫ͞Ϫ mice being aged 2-3 weeks. All mice were born and housed in protected animal rooms, and all studies were approved by the Animal Ethics Committee of The Walter and Eliza Hall Institute.
Cells were cultured in 1-ml vol of RPMI 1640 medium with 10% FCS in capped tubes at 37°C in a fully humidified atmosphere of 10% CO 2 in air. In some experiments the medium also contained a final concentration of 5 ϫ 10 Ϫ5 M 2-mercaptoethanol. Where added to the cultures, IL-1, IL-2, or IFN-␥ were purchased from PeproTech (Rocky Hill, NJ).
Routinely, supernatants were harvested from the cultures after 4 days of incubation and these were millipore-filtered before storage at Ϫ15°C for bioassay.
Bioassays for GM-CSF and IL-3. Levels of IL-3 and GM-CSF in conditioned media were determined by using microwell proliferation assays with BaF3 cells to detect IL-3 and FDC-P1 cells to detect GM-CSF. FDC-P1 cells proliferate in response to both IL-3 and GM-CSF but the concentrations of these two factors were so different that essentially FDC-P1 assays were assays for GM-CSF. These interpretations were validated by the use of antisera to IL-3 that neutralized all activity on BaF3 cells and to GM-CSF that essentially neutralized all activity on FDC-P1 cells (refs. 11 and 12 and data not shown). Levels of IL-3 or GM-CSF in conditioned media were converted to pg͞ml by using parallel titrations of purified recombined murine IL-3 or GM-CSF (PeproTech).
Preparation of T Lymphocyte Suspensions. Suspensions of highly enriched T lymphocytes were prepared by using dispersed lymph node cells and murine T cell enrichment columns according to the manufacturer's instructions (R & D Systems, Minneapolis). Column-enriched preparations were analyzed by using a FACAbbreviations: CSF, colony-stimulating factor; GM-CSF, granulocyte-macrophage CSF; SOCS-1, suppressor of cytokine signaling 1.
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Scan (Becton Dickinson) and found to contain 90-97% Thy-1-positive cells.
Results
In the present experiments, the deliberate use of mitogens or antireceptor antibodies to induce CSF production was avoided so that CSF production, possibly associated with autoreactivity, could be investigated. An immediate complication was encountered because simple crowding of cultured cells appeared to be sufficient to induce readily detectable GM-CSF and IL-3 production.
Effects of Cell Crowding. As shown in Fig. 1A , progressive crowding of murine spleen cells during incubation resulted in a dramatic nonlinear rise in the production of both GM-CSF and IL-3. In various experiments, peak activity occurred with concentrations of 2-10 ϫ 10 6 cells per ml. When cell concentrations were further increased, lower levels of GM-CSF and IL-3 were observed. As also shown in Fig. 1 A, the inclusion of 5 ϫ 10 Ϫ5 M 2-mercaptoethanol in the medium during incubation did not alter the basic pattern of responses to cell crowding but consistently increased the levels of both GM-CSF and IL-3 in such cultures. The identity of the bioactivity detected in the spleen cell cultures was confirmed as GM-CSF and IL-3 by the use of specific neutralizing antibodies (data not shown).
The lower cytokine concentrations in cultures containing very high cell concentrations might, in principle, have been caused by receptor-mediated endocytosis with degradation of internalized cytokine, even though the frequency of spleen cells expressing receptors for GM-CSF or IL-3 is low (14) . However, as shown in Fig. 1B , the ultimate cell concentration-related fall in observed GM-CSF levels was also seen when using spleen cells from ␤cϪ͞Ϫ mice that lack the common ␤ receptor chain for GM-CSF and so have no high-affinity receptors for GM-CSF (13) .
In contrast to these responses, crowding of thymus or marrow cells in culture did not lead to the production of detectable CSF. As shown in Table 1 , thymus cells actually survived better in suspension culture than spleen cells. Addition of 2-mercaptoethanol had no consistent effect in increasing recovered cell numbers. In mitogen-stimulated lymphocyte cultures, the appearance of blast cells parallels cytokine production and is possibly the morphological expression of the required cellular activation. It was notable that blast cells were not present in thymus cell cultures and that, in spleen cell cultures, addition of 2-mercaptoethanol increased the frequency of blast cells as the possible basis for the observed increased CSF production. These findings were reproduced in three replicate experiments.
The induction of nonlinear CSF production in crowded spleen cultures might have been a nonspecific metabolic consequence of cell crowding or have been caused by the achievement of effective concentrations of CSF-producing or CSF-inducing cells. To explore these possibilities, spleen cells were mixed with increasing concentrations of thymus or marrow cells. High thymus cell numbers (up to 10 ϫ 10 6 ͞ml) had only a weak enhancing effect on CSF production by spleen cells, suggesting that thymus populations may contain few cells with this type of accessory function. When increasing numbers of marrow cells were added to spleen cell suspensions, no enhancement was observed and often an actual inhibition of CSF production occurred (data not shown).
Effect of Lack of T Lymphocytes. Spleen cells from nu͞nu or
Rag-1Ϫ͞Ϫ mice that lack T lymphocytes uniformly failed to produce any detectable GM-CSF (Fig. 1C) or IL-3 (data not shown), regardless of the cell concentration used. Cells from immunodeficient NOD͞SCID mice behaved in an intermediate fashion, producing some GM-CSF and IL-3 when crowded, but Triplicate suspension cultures were analyzed after 3 days of incubation. Mean values Ϯ SDs. 2ME ϭ 5 ϫ 10 Ϫ5 M 2-mercaptoethanol.
the concentrations were at least 10-fold below those produced by cells from control mice.
The absolute failure of cultured nu͞nu and Rag-1Ϫ͞Ϫ spleen cells to produce GM-CSF was in sharp contrast to the ability of organs from these mice to produce GM-CSF in cultures of minced organs. As shown by the examples in Table 2 , organs from nu͞nu mice had the ability to produce detectable GM-CSF, but no IL-3, and similar results were obtained by using organs from Rag-1Ϫ͞Ϫ and NOD͞SCID mice (data not shown).
A T lymphocyte origin of CSF produced in crowded cultures was confirmed by culture of T lymphocytes purified from lymph nodes ( Table 3) . Levels of cytokine after incubation of the purified T lymphocytes were increased by addition of IL-2 or IFN-␥, cytokines likely to be produced by accessory cells in crowded cultures, although addition of IL-1 was not effective. Activity was also increased by coculture of T lymphocytes with syngeneic Rag-1Ϫ͞Ϫ spleen cells, as was that of unfractionated C57BL spleen cells (data not shown), indicating that non-T lymphocyte cells in the spleen could produce enhancing or inducing signals, perhaps including those cytokines found to have enhancing activity.
Although IFN-␥ was a strong inductive stimulus for CSF production by spleen cells, it was not essential for crowdinginduced CSF production. Spleen cells from IFN-␥Ϫ͞Ϫ mice were identical to control mice in exhibiting comparable levels of crowding-induced CSF production, the inhibition of this production by excess cell concentrations and the responsiveness of low concentrations of spleen cells to induction by IFN-␥ (data not shown).
In contrast to the regular production of IL-3 in unstimulated cultures of spleen cell suspensions, culture of minced spleen fragments results only in a very low and variable production of GM-CSF and never IL-3 (11), despite the fact that the spleen contains 200 ϫ 10 6 cells and, on mincing, at least some cells must escape into the medium.
To investigate this strange discordance, cocultures were prepared of spleen fragments with or without spleen cell suspensions, using RPMI 1640 medium and 2-mercaptoethanol to optimize culture conditions for lymphocytes. Minced thymus tissue was used as a control organ. The results of a typical experiment are shown in Table 4 . Minced spleen tissue produced low levels of GM-CSF and no IL-3, whereas minced thymus tissue usually produced high levels of GM-CSF, again with no IL-3. Mixing experiments failed to detect any inhibitory activity for IL-3 in such conditioned media.
Coculture of minced spleen or thymus with syngeneic spleen cell suspensions did not consistently alter observed levels of GM-CSF but no IL-3 was detectable in the media from such cocultures. Viable cell counts on the spleen cell suspensions in the cocultures during the coincubation indicated that massive death occurred within 24 h of initiation of the cocultures and few or no surviving cells from the spleen cell suspensions were present by day 2. Toxicity of the organ fragments for lymphoid cells may be the basis for the failure to find evidence of IL-3, as a lymphocyte product, in such organ fragment cocultures or in conditioned media produced by minced lymphoid organs. All cultures were prepared by using 1 ml of RPMI 1640 medium with 10% FCS and contained a final concentration of 5 ϫ 10 Ϫ5 M 2-mercaptoethanol. One whole C57BL spleen or thymus was minced to produce organ fragments. Tubes were incubated for 4 days before harvesting the media. All cultures contained 2-mercaptoethanol. IL-2 was used at a final concentration of 100 units͞ml. IFN-␥ was used at a final concentration of 2 ϫ 10 3 units͞ml.
Duration of Cell Crowding Required for Induction of CSF Production.
Experiments were performed to determine whether cell crowding was needed only as an initiating event for CSF production or was needed throughout the incubation period.
Crowded ( The induction of CSF production by cell crowding appeared able to be achievable by only a relatively short period of cell crowding and could then persist in cells subsequently cultured at low concentrations.
CSF Production in Allogeneic Cultures. Fig. 3 shows an example of the consequences of allogeneic coculture of C57BL and BALB͞c spleen cells in cultures containing 2-mercaptoethanol. There are several features to note. The rise in CSF concentrations in the allogeneic cultures required time and therefore is unlikely to represent release of preformed CSF. Second, in both syngeneic and allogeneic cultures, levels of IL-3 were 10-fold lower than those of GM-CSF. Third, levels of GM-CSF and IL-3 in allogeneic cultures were higher than those in syngeneic cultures initiated with twice the number of cells used in the mixture. Possibly the levels in the allogeneic cultures were also more sustained than in the syngeneic cultures. A similar pattern was observed with cocultures of C57BL with DBA cells and of BALB͞c cells with DBA cells.
A probable one-sided allogeneic activation of CSF production was observed when spleen cells lacking T lymphocytes (nu͞nu or Rag-1Ϫ͞Ϫ cells) were cocultured with normal allogeneic spleen cells. Coculture of two lymphocyte-deficient allogeneic spleen populations did not result in CSF production.
Parallel studies using thymus cells indicated in most experiments that no CSF production occurred in cocultures of allogeneic thymus cells. Coculture of thymus cells with allogeneic spleen cells resulted in low levels of CSF production. Cocultures of allogeneic marrow cells also produced no detectable CSF but when allogeneic spleen cells were cocultured with marrow cells some increase in CSF production was observed. Both marrow and thymus cells seemed able to act as allogeneic priming cells to elicit responses by allogeneic spleen cells that were not large but were in excess of those attributable to cell crowding.
Parallel experiments using peritoneal cells indicated that the cells had some capacity to produce GM-CSF and IL-3 and coculture of allogeneic peritoneal cells moderately enhanced CSF production. Coculture of peritoneal cells with allogeneic spleen cells also resulted in some enhancement of CSF production.
Thus spleen and, to a lesser degree, peritoneal cells exhibited allogeneic responses as detected by CSF production and to a limited degree thymus and marrow cells could act as allogeneic stimuli for spleen cells, although apparently not able themselves to produce CSF.
Autoreactivity of SOCS-1؊͞؊ Cells. To determine whether CSF production could be used to detect autoreactivity in SOCS-1Ϫ͞Ϫ T lymphocyte populations, cultures of neonatal SOCS-1Ϫ͞Ϫ and SOCS-1ϩ͞ϩ thymus and spleen cells were prepared together with cocultures of SOCS-1Ϫ͞Ϫ and SOCS-1ϩ͞ϩ cells.
The results shown in Table 5 are typical of five separate experiments. At the cell concentrations able to be prepared from neonatal organs, little or no CSF production was detectable with Ϫ͞Ϫ or ϩ͞ϩ spleen cells. Furthermore, no CSF production was detectable in cocultures of these cells. This finding suggested that, if SOCS-1Ϫ͞Ϫ T lymphocytes in spleen cell suspensions were autoreactive, the level of reactivity to ϩ͞ϩ cells was too low to be detectable by CSF production. In contrast, SOCS-1Ϫ͞Ϫ thymus cells consistently produced GM-CSF and IL-3 (Table 5) , an activity not detectable with SOCS-1ϩ͞ϩ thymus cells. This observation supports other evidence of the activated state of SOCS-1Ϫ͞Ϫ T lymphocytes (9, 10, 15, 16) .
Discussion
An early report (17) noted that mouse spleen cells in unstimulated suspension cultures could produce GM-CSF and IL-3, removal of T lymphocytes prevented this activity, and the FCS in the medium might act as a foreign antigenic stimulus to induce this activity by spleen cells. The present studies confirmed the capacity of murine spleen cells to produce GM-CSF and IL-3 in cultures to which no mitogen had been added and again indicated that T lymphocytes were necessary for the GM-CSF and IL-3 production and were a cellular source of these cytokines. The possibility that the FCS in the medium might have served as a foreign antigen to activate the cultured T lymphocytes was not further addressed in the present studies.
The most striking aspect of the present cultures was that the production of CSF was nonlinear with respect to cultured cell numbers, implying that, even if serum was functioning as a mitogen, cell crowding played a critical role in inducing CSF production. Cell crowding appeared to be an initiating event whose persistence was not needed throughout the incubation period. Cell crowding might exert a variety of nonspecific metabolic effects on cell behavior but, in control studies, thymus cells were not particularly effective and marrow cells were inactive as crowding populations. Cell populations able to induce CSF production by crowding included spleen populations from mice lacking T lymphocytes and CSF induction seemed to involved a special cell-cell interaction, perhaps involving the production of agents like IL-2 and IFN-␥.
CSF production was enhanced by addition of 2-mercaptoethanol to the medium. Previous studies have reported that 2-mercaptoethanol has a major impact on the behavior of cultured lymphocytes (18, 19) because it promotes cystine transport and enhances lymphocyte survival and proliferation, possibly by increasing IL-2 production (19) (20) (21) . In the present studies, viable cell numbers were not substantially increased by the use of 2-mercaptoethanol although the percentage of blast cells was increased and blast cell formation has been noted as a key part of a mitogen-induced response by T lymphocytes in which cytokine production occurs.
There is a puzzling discordance for CSF production between the data obtained from whole organs or large organ fragments and the data obtained from spleen cell suspensions. This difference is most evident for IL-3 that has never been detected in whole organs or organ fragments (11, 12) . The nonlinear behavior of cell suspensions clearly indicates that accessory cells assist, or are necessary for, CSF production but an excess of such cells appears to be inhibitory. If this process was to become more evident with the extremely high cell concentrations in an intact organ, this might be the reason for complete failure of IL-3 production to occur. The present study reinforces earlier data (11, 12) that T lymphocytes are not a major cellular source of organ CSFs, nonetheless their curious functional responses to cell crowding are intriguing and may be relevant for cell behavior in other organs.
Coculture of allogeneic spleen cells reproducibly increased CSF production above that expected on a simple cell crowding basis from the combined cell concentrations used. This is likely to represent genuine antigenic͞mitogenic stimulation of T lymphocytes of the type well documented by many earlier studies. The question posed in the present study was whether CSF production was a sufficiently sensitive response to detect the likely autoreactivity in SOCS-1Ϫ͞Ϫ mice where tissue damage and disease appears to involve aberrant activity of T lymphocytes in an IFN-␥-dependent process (9, 10, 16) . The coculture studies using SOCS-1Ϫ͞Ϫ and SOCS-1ϩ͞ϩ tissues, of necessity, had to be performed by using neonatal populations that, for SOCS-1Ϫ͞Ϫ mice, also had some depletion of T lymphocytes (9, 15) . The results were disappointing in that CSF production was not convincingly triggered in cocultures of Ϫ͞Ϫ with ϩ͞ϩ spleen cells. Conversely, however, CSF production was detectable in cultures of SOCS-1Ϫ͞Ϫ thymus cells, which do exhibit activation markers (9, 10) and possibly are already reacting against selfantigens within the thymus itself. However, thymus cell production of CSF was weak and the detection system did not appear suitable for more detailed studies on the potential autoaggression of T lymphocytes in SOCS-1Ϫ͞Ϫ mice.
We are indebted to Dr. Warren Alexander for supplying the SOCS-1Ϫ͞Ϫ and IFN-␥Ϫ͞Ϫ mice used in these experiments and Drs C. Drinkwater and L. Robb for originally producing the ␤cϪ͞Ϫ mice. All Table 5 . Production of CSF by SOCS-1؊͞؊ thymus cells but no evidence of autoreactivity against SOCS-1؉͞؉ cells Triplicate cultures were prepared in 1 ml of RPMI 1640 medium with 10% FCS and 5 ϫ 10 Ϫ5 M 2-mercaptoethanol by using 2-week-old SOCS-1Ϫ͞Ϫ and littermate SOCS-1ϩ͞ϩ mice. Media were harvested and analyzed after 4 days of incubation.
